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Abstract
CO2 avoidance cost economics are an essential tool for analysis of the potential for future CO2 capture and 
storage (CCS) utilization.  The CO2 avoidance cost is the CO2 tax at which the product cost is the same for 
either a fossil fuel plant without CO2 mitigation (but paying the CO2 tax) or the same fossil fuel plant that 
includes the added capital and efficiency losses of adding CCS (but avoiding most of the CO2 tax).  The CO2
tax must be higher than this CO2 avoidance cost to justify the higher risks, capital, and lower efficiency of 
utilizing CCS.  Understanding which issues impact CO2 avoidance costs the most is fundamental to 
economically encouraging the massive CO2 reductions enabled with CCS. 
SFA Pacific recently completed two similar economic analyses of coal-based power plant CO2 mitigation 
costs.  Both analyses included the options of converting to lower CO2 emissions with natural gas (with and 
without CCS) and continued coal use with and without CCS.  One analysis was for an existing coal-based 
power plant baseline as part of a Massachusetts Institute of Technology (MIT) Workshop and Report 
entitled Retrofitting of Coal-Fired Power Plants for CO2 Emissions Reductions [1].  The second analysis 
was for a new coal-based power plant baseline as part of an analysis of CO2 mitigation options by the U.S. 
Business Roundtable entitled The Balancing Act: Climate Change, Energy Security and the U.S. Economy
[2]. 
However, the resulting CO2 avoidance costs for these two analyses were very different.  Specifically, the 
CO2 avoidance cost was about twice as high for the existing coal power plant than for the new coal power 
plant baseline.  There are basic technical and economic reasons for this big difference in CO2 avoidance 
costs.  They are best explained by simply showing the costs and performance of each baseline without and 
then with CCS in simple, transparent, and consistent one-page models.  This enables easy, insightful side-
by-side direct comparisons. 
Since first developing a cost and performance economic screening model of CCS for our GHGT-4 paper in 
1998 [3], SFA Pacific has continued to improve the model which focuses on objectivity by stressing 
transparency and consistency with easy to compare cases.  SFA Pacific has clearly shown identical inputs 
for key items such as fuel costs, non-fuel operating costs, unit capital costs, contingencies, site location 
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factors, cost indexes, and especially capital charges.  This makes it easy to see that power costs for the 
existing coal power plant baseline can be very low when the power plant is old and most of the existing 
capital is already paid-off. 
This GHGT-10 paper presents the most updated SFA Pacific analysis of CCS retrofit for existing coal power 
plant CO2 mitigation.  The paper focuses on showing and explaining why the CO2 avoidance costs can be 
much higher for the existing plants versus new fossil fuel power plants. 
CO2 taxes which are high enough to discourage new coal power plants with high CO2 emissions would 
likely have little or no impact on existing coal power plants.  Until the over 1,200 GW of existing old coal 
power plants begin reducing their high CO2 emissions, there can be little net reduction in worldwide CO2
growth.  Converting or replacing this large capacity of existing coal power plants is essential to obtaining 
large CO2 reductions [4]. 
CO2 capture cost estimating for CCS is extremely challenging for several reasons, including: 
• Fuel type, fuel switching, and future fuel price impacts, especially as a carbon-constrained world 
develops.  Coal energy prices are currently low and stable and may even decrease slightly as a 
carbon-constrained world develops resulting in a decline of coal use.  However, natural gas energy 
prices are significantly higher than coal and are highly volatile with few, if any, long-term fixed price 
contracts except for new high cost take-or-pay LNG contracts.  Furthermore, natural gas prices will 
almost certainly increase as a carbon-constrained world develops.  Natural gas supplies will be 
stressed as natural gas begins replacing some coal use applications long before economics warrant 
serious consideration of coal or natural gas with CCS.  Also at a high natural gas price, the cost of 
NGCC with CCS quickly becomes greater than coal with CCS. 
• Best matrix—absolute or increase in product cost (i.e. $/MWh for electricity) with CCS versus 
without CCS or CO2 avoidance cost. 
• Baseline for economic analysis of CCS.  Existing CO2 sources considering retrofit CCS can show 
much different costs than those for a proposed new CO2 source considering CCS.  There is also the 
issue that a new CO2 source with CCS would only minimize CO2 emissions growth unless it replaces 
an existing old CO2 source that is shut down.  Also to be considered is the large impact of CO2
avoidance costs based on the baseline fuel, with coal having about twice the baseline CO2 emissions 
as natural gas. 
• Basic capital cost estimating due to the large run-up in construction costs (materials, labor shortages, 
and equipment) from 2005-2008.  However since then, there has been a moderate construction cost 
decline.  There is also the issue of site-specific cost factors such as contingencies, capitalization of 
allocation of funds during construction (common for regulated U.S. electric utilities), and cost of 
capital or project capital return rates mainly due to the debt/equity ratio but also due to local taxes, 
depreciation rates, and the design basis (extreme weather conditions or earthquake rating). 
• CCS costs are traditionally estimated based on the assumption of proven commercial operating 
experience, sometimes called the “nth” plant design which signifies that the cost estimate is not for 
the 1st, 2nd, or 3rd commercial unit.  In other words, there are much lower cost estimates than for the 
first large scale demonstration or first commercial plant using a specific CCS technology since it has 
already progressed down the “learning curve.” 
• Estimating cost for developmental technology without any large scale operating demonstration plant 
experience.  In this case, it is common to excessively overestimate performance and underestimate 
costs. 
Following is an attempt at reducing the foregoing complexities to basic and simple economics.  More 
importantly, the economics are presented in a logical and transparent manner with emphasis on the key 
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variables and relative consistency.  Learning curves and the impact of the state of development are also 
addressed, as the less developed advanced CCS systems are more likely to have their performance 
overestimated and costs grossly underestimated.
What Does CO2 Avoidance Cost Mean? 
Most economics of CCS are stated in terms of CO2 avoidance cost.  Therefore, it is essential to fully 
understand what the CO2 avoidance cost matrix means as well as what the key inputs, sensitivities, and other 
options are to CCS. 
It is also essential to understand the key difference between CO2 capture and CO2 avoidance costs, 
especially with CCS.  This is because CCS usually reduces net capacity and efficiency.  CO2 capture cost is 
calculated based on the CO2 captured per unit net product.  Thus, the larger the efficiency losses, the lower 
the CO2 capture costs.  However, CO2 avoidance is calculated based on the CO2 reduction or avoidance to 
the atmosphere per unit net product.  Thus, the larger the efficiency losses, the higher the CO2 avoidance 
costs, especially when the fuel costs are high.  The goal of CCS is reducing CO2 emissions into the 
atmosphere, thus it is usually best to work with and estimate just CO2 avoidance costs. 
CO2 avoidance cost is the minimal CO2 tax required for a major man-made CO2 emissions source to start 
seriously considering CCS.  Using a coal-fired power plant as a simple example, the CO2 avoidance cost is 
the $/ton CO2 emissions tax at which the $/MWh electric “loaded” (capital charges, fuel, and operations and 
maintenance) price is the same as paying the CO2 tax or adding CCS to avoid paying most of the CO2 tax.  
In reality, the CO2 tax (or CO2 avoidance costs) must be even higher to justify the added capital and much 
higher risks of adding CCS versus simply paying the CO2 tax. 
The formula for CO2 avoidance cost is relatively simple.  As shown below, the formula estimates the 
product costs (in $/MWh) and CO2 emissions per unit of product (tons of CO2/MWh) for a traditional plant 
(called “b” for baseline case) and then estimates the higher product costs but with lower CO2 emissions 
(called “c” for carbon reduction cases).  The lower CO2 emissions case can simply be a higher efficiency or 
lower carbon fuel with or without CCS.  The CCS added option is the most common comparison option due 
to the larger potential CO2 reduction.  Nevertheless, conversion without CCS to higher efficiency or lower 
carbon fuel switching cannot be overlooked or ignored due to its higher efficiency and much lower capital 
and CO2 storage liability risks avoidance.  The formula is as follows: 
 $/ton CO2 avoidance cost = ($/MWhc–$/MWhb) ÷ (ton CO2/MWhb–ton CO2/MWhc) (1) 
This simple formula makes it easy to understand the conditions where the CO2 avoidance cost estimates can 
be high or low.  The low CO2 avoidance costs occur when small increases in power costs give large CO2
reductions.  The high CO2 avoidance costs occur when there are large increases in power costs and small 
reductions in CO2 emissions.  The following three simple example cases show the fluctuation of CO2
avoidance costs depending on the baseline and choice of CO2 reduction option.  All three examples are for a 
coal power plant baseline and assume baseload (high annual load factor) power prices at the plant gate, 
without added transmission or distribution costs. 
1. First example, consider the CO2 avoidance cost of an old, dirty, and inefficient, but paid-off coal 
power plant that is replaced with a new, clean, state-of-the-art coal plant without CCS.  The 
electricity price increase would be about $40/MWhc assuming $80/MWhc for the new, efficient coal 
power (with all of the capital charges) up from only $40/MWhb for the old paid-off baseline plant 
(with no capital charges and just operating costs).  The CO2 reduction would be only about 0.2 
ton/MWh assuming 1.0 ton/MWhb for the old subcritical coal plant baseline and reduced to 0.8 
ton/MWhc for the new efficiency supercritical plant.  Thus, the CO2 avoidance cost would be very 
high at $200/ton of CO2 based on a $40/MWh power increase divided by 0.2 ton/MWh of CO2
reduction.
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2. Second example, consider the CO2 avoidance cost for a proposed new coal power plant considering 
the addition of CCS.  The electricity price would increase about $40/MWhc assuming $120/MWhc
for the new coal power with CCS up from only about $80/MWhb for the normal new state-of-the-art 
coal unit.  The CO2 reduction would be large at about 0.7 ton/MWh assuming 0.8 ton/MWhb for the 
new state-of-the-art coal plant baseline reduced to only 0.1 ton/MWhc for the similar new coal unit 
but now having CCS.  Thus, the CO2 avoidance cost would be $57/ton of CO2 based on a $40/MWh 
power increase divided by 0.7 ton/MWh of CO2 reduction. 
3. Third example, consider the CO2 avoidance for replacing the old coal power plant in the first 
example with a new coal plant with CCS in the second example.  The CO2 avoidance would now be 
$89/ton of CO2 based on an $80/MWh power increase divided by 0.9 ton/MWh of CO2 reduction. 
In gross terms, CO2 avoidance costs are usually high if the baseline is a paid-off existing facility with low 
cost fuel or if the CO2 reduction is relatively low.  Conversely, CO2 avoidance costs are the lowest when the 
baseline is for a new proposed CO2 source and the CO2 reduction is high. 
A CO2 avoidance cost involving natural gas can be more complex due to the large potential variation of 
natural gas prices and the relatively low CO2 emissions of natural gas.  As a carbon-constrained world 
develops, natural gas prices will likely increase and supplies may be stressed as coal is replaced with natural 
gas long before it becomes economical to consider CCS. 
Triple Point CCS Economics 
Due to the above large range of CO2 avoidance costs for just the coal option, it is useful to develop “triple 
point economics” from a coal baseline that also includes natural gas.  This avoids suggesting a CO2 tax or 
CO2 avoidance cost where coal with CCS may become competitive, but in reality by simply replacing coal 
with natural gas it is commonly a cheaper and lower risk option.  The following three simple steps define the 
CO2 tax triple point economics where the power price is the same for natural gas without CCS versus coal 
with or without CCS. 
1. Start with estimating CO2 avoidance costs for a coal plant baseline without CCS versus adding CCS.  
This is the most logical baseline due to the high CO2 emissions per unit of coal energy which is the 
dominant use in large central power plants having large point sources and a likely stable coal price 
even as a carbon-constrained world develops.  The only major issue would be if the baseline is an 
existing PC power plant or a new state-of-the-art PC power plant.  The CCS case can be retrofitted, 
rebuilt, or a new plant and include any or all of the CCS process options (pre-, post-, or oxyfuel 
combustion). 
2. Next, enter the CO2 avoidance cost estimated in Step 1 for the same coal baseline estimate and CCS 
option that had the lowest cost as a CO2 tax.  The power cost should now be the same for the coal 
baseline without CCS (paying the CO2 tax) and the best coal CCS option (avoiding most of the CO2
tax). 
3. Finally, the third key alternative of natural gas without CCS is simply replacing coal with natural 
gas.  The natural gas replacement option is estimated by varying the natural gas price until this 
natural gas option (without CCS) has the same electricity price as the Step 2 coal cases (with and 
without CCS).  This is useful because conversion or replacement of coal with natural gas is usually 
cheaper than coal with CCS unless natural gas prices are high.  As a carbon-constrained world 
develops, natural gas prices are going to increase.  This is because natural gas supplies will be 
stressed as natural gas will likely replace large amounts of coal before high enough CO2 taxes 
warrant having coal with the added costs and risks of CCS.  At these higher natural gas prices, to 
make the cost of natural gas without CCS the same as coal with or without CCS, the economics of 
natural gas with CCS are usually more expensive. 
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The following examples of triple point economics were estimated for two recent SFA Pacific analyses.  As 
discussed, the baseline choice of existing versus proposed new CO2 sources greatly impacts the economics 
of coal-based CCS and natural gas price where it would be cheaper to simply replace coal with natural gas 
and avoid CCS. 
Triple Point CCS Economics for an Old Existing Coal Power Plant Baseline 
Existing coal-fired power plants represent most of the current large CO2 point sources that are good 
prospects for CCS.  For example, in just the United States there are over 300 GW of existing coal power 
plants with a MWe-weighted average age of almost 40 years old.  In March 2009, the Massachusetts 
Institute of Technology (MIT) Energy Initiative (ei) Symposium specifically addressed the retrofit of 
existing coal-fired power plants for CO2 emissions reduction.  SFA Pacific was asked to develop and present 
CO2 mitigation cost estimates for this meeting.  The estimates were based on a modified version of SFA 
Pacific’s transparent CO2 mitigation costs spreadsheet model for an existing paid-off subcritical PC baseline 
with $2.00/MMBtu of coal and all costs in constant mid-2008 dollars.  The results were published in a 
MITei Symposium report that can be downloaded along with more details at MIT’s website [1]. 
The lowest CO2 avoidance cost for continued coal use was a simple add-on retrofit post-combustion CCS to 
the old existing boiler at a CO2 avoidance cost of $74/mt.  This reduced the old existing power plant net 
capacity by about 27% and dropped the net efficiency (HHV) from 34% to only 25%.  A rebuilt new 
supercritical steam coal plant with CCS would avoid the net capacity loss and almost all of the net efficiency 
loss of CCS relative to the old subcritical steam coal power plant without CCS.  However, the new rebuilt 
coal units with CCS had higher CO2 avoidance costs due to the significantly higher total capital investment 
associated with the new power plant rebuild.   
As already explained, existing paid-off power plant baselines generally force higher CO2 avoidance costs 
due to the cheap baseline power costs.  In this case, the existing steam coal power cost was estimated at only 
$37/MWh (plant gate).  At this relatively high $74/ton CO2 tax, the triple point electricity price was 
$108/MWh for the existing old coal unit with or without CCS or by converting to natural gas via repowering 
with a new NGCC unit without CCS at $8.31/MMBtu.
Triple Point CCS Economics for a New Proposed Coal Power Plant Baseline 
The more traditional CCS economics are based on proposed new coal and natural gas power plants.  
However, this would only minimize CO2 emissions growth from the new power plant capacity addition 
unless an equivalent size old fossil fuel power plant is shut down and replaced by the new power plant with 
CCS. 
In 2009, SFA Pacific developed CCS economics for the CCS Working Group of the U.S. Business 
Roundtable analysis of energy and environmental sustainability [2].  The final report integrated CCS 
economics into a much bigger and more complex model of changing CO2 taxes and energy prices over time.  
Also, extremely optimistic economics and learning curves via the renewables and nuclear working groups of 
the Business Roundtable made these technologies dominant in the modeling to 2050. 
SFA Pacific’s CCS economics for the Business Roundtable CCS working group are summarized in a 
presentation for a Gasification Technology Council Workshop [5].  The CCS estimates for this presentation 
were based on SFA Pacific’s transparent CO2 mitigation costs spreadsheet model for a proposed new state-
of-the-art supercritical steam coal power plant baseline with $2.04/MMBtu for coal and all costs in constant 
mid-2008 dollars.  The SFA Pacific CCS model used the same learning curve improvements in the future as 
is used by the U.S. Energy Information Agency for its energy outlook model. 
The lowest CO2 cost for a new coal power plant with CCS was the pre-combustion option having a CO2
avoidance cost of $48/mt.  However, the pre-combustion and oxyfuel combustion CCS option costs and 
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performance were relatively close.  In comparison to the new supercritical steam coal plant baseline, the 
addition of CCS reduced the power plant net capacity by about 20% and dropped its net efficiency (HHV) 
from 39% to 32%. 
As previously explained, setting a proposed new fossil power plant as the baseline reduces the CO2
avoidance costs as the new power plant baseline will have relatively high power costs even before the 
additional cost of CCS.  At a moderate $48/ton CO2 tax, the triple point electricity price would be 
$113/MWh for the new coal unit with or without CCS or if converting to a new NGCC without CCS it 
would be $11.15/MMBtu for natural gas if natural gas is available in the future when CO2 taxes have 
reached this moderate level. 
Comparing CO2 Avoidance Costs for New and Existing Coal Power Plant Baselines 
Both the new and existing coal power plant baseline estimates required about the same $110/MWh power 
price for CCS.  However, the electric costs increased by about 200% for the CCS addition to the old paid-off 
power plants (from its low power cost baseline) whereas the electric costs only increased by about 50% for 
CCS added to a new proposed power plant (from its higher power cost baseline).  This is due to the low 
power costs once capital intensive power plants are paid-off. 
The CO2 avoidance cost (required CO2 tax) and natural gas alternative prices (without CCS at the given CO2
tax) were also much different for the two coal power plant baselines.  Existing coal power plants would find 
it cheaper and a much lower risk to simply pay the CO2 tax than to significantly reduce CO2 emissions until 
the CO2 tax is very high.  This is probably why “cap and trade” CO2 systems are so popular for CO2
mitigation, and they are perhaps essential to encourage existing coal plants to reduce CO2 emissions.  
Another option is to mandate that old coal power plants shut down after 45 years of service as is currently 
being proposed in Canada.  In the meantime, ongoing talks about CO2 mitigation encourages the life 
extension of existing old coal power plants that everyone would like to replace.  Life extending old coal 
units maximizes CO2 emissions before potential CO2 reduction mandates take place and increases the 
quantity of cheap CO2 cap and trade allocations that existing coal unit owners will likely receive.  This also 
keeps electric power prices relatively low in nations, such as the United States, that have large fleets of 
aging coal power plants. 
CCS Cost Estimating Learning Curves 
There are very real learning curves associated with the increasing use of specific technologies in industries 
where the unit costs go down as the total installed capacity increases.  This is sometimes referred to as 
“learning by doing.”  In the electric generation industry these cost improvement “learning curves” are well 
documented for the growth in the use of flue gas desulfurization (FGD) SO2 controls and selective catalytic 
reduction (SCR) NO2 controls [6].  However, this is not always the case.  The most embarrassing example is 
the large cost increases for nuclear power plants as the total installed capacity increases.  Even wind turbine 
costs have risen since bottoming out in 2002 [7]. 
Learning curves are sometimes applied to CCS technologies.  Only time will tell how correct or incorrect the 
estimates are.  Nevertheless, it is essential to realize that learning curves almost always start to reduce unit 
costs after the respective technology is established in commercial service and the total commercial capacity 
is growing at a high rate with time.  From pilot to demonstration to the first commercial unit, the unit costs 
almost always increase before hopefully going down via the learning curve.  This is commonly illustrated by 
EPRI to shows cost versus stated development for coal technologies and CCS options [8].  Promoters of 
advanced CCS technologies usually overestimate performance and underestimate costs.  The less developed 
the CCS technology, the more questionable these estimates become. 
CO2 mitigation options—from biofuels to CCS technology performance and cost estimates—are highly 
questionable until successfully demonstrated in large commercial-scale operations.  The time and cost 
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progress from R (research) to D (development) is long and expensive for advanced energy and 
environmental technologies.  It is even longer and more expensive for the electric power industry.  This is 
because highly regulated industries do not reward risks, and this is the case in traditional electric power 
generation.  It is especially true for CCS as it likely becomes more economical in very large and expensive 
coal power plants.  Innovative policies and incentives are needed to speed up CCS commercialization in 
regulated coal-based electric power generation. 
Summary 
Analyses of CO2 avoidance costs are too often presented in a “vaccum” without addressing more 
economical “real world” options and impacts of the state of development for advanced CCS technologies. 
Coal-based power plants are the dominant large point sources of CO2 that are ideal for CCS [9].  However, 
CCS costs and risks for coal-based power generation are generally much higher at this time than alternatives 
such as the conversion from coal to natural gas without CCS.  Nevertheless, the energy consumed in coal-
based power generation is much greater than the supplies of natual gas.  Thus, increasing natural gas use in 
power generation—as CO2 taxes or CO2 reduction mandates costs—would be the ideal scenario but this 
eventually will stress natural gas supplies and prices.  That was a principal conclusion of SFA Pacific’s 
original CO2 Mitigation private multiclient analysis ten years ago [10].  The key to resolving this issue is 
determining the equilibrium natural gas price at the CO2 tax (CO2 avoidance cost) where NGCC power 
plants without CCS would have the same power costs as coal-based power plants with or without CCS.  This 
is what SFA Pacific calls “triple point economics” which varies significantly depending on the baseline 
being proposed for a new or existing power plant. 
CO2 avoidance costs are much higher for existing coal-based power plants than for proposed new power 
plants.  In addition, CCS for proposed new fossil fuel power plants would only reduce the atmospheric CO2
if it replaces an existing simular fossil fuel power plant.  This is a fundamental issue that currently is not 
being fully addressed, and too often it is totally ignored. 
There appears to be too much emphasis on promoting advanced CCS technologies based on CCS economics 
and performance estimates that are likely too optimistic until they are successfully demonstrated at full 
commercial scale.  SFA Pacific refers to this as cleverly protecting the status quo by promoting and waiting 
for the advanced CCS technologies of the future, forever [11]!
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